We analyze, within several parameter scenarios of type-II two-Higgs doublet extensions of the standard model, the impact of heavy neutral Higgs-boson resonances on top-quark pair production and their subsequent decay to dileptonic final states at the LHC (13 TeV). In particular, we investigate the effects of heavy Higgs bosons on top-spin observables, that is, the longitudinal top-quark polarization and top-quark spin correlations. We take into account NLO QCD as well as weak interaction corrections and show that top-spin observables, if evaluated in judiciously chosen top-quark pair invariant mass bins, can significantly enhance the sensitivity to heavy Higgs resonances in top-quark pair events.
Introduction
One of the central issues of present and future research at the Large Hadron Collider (LHC) is the search for new, in particular heavy (pseudo-)scalar bosons with masses below or around 1 TeV. The existence of additional spin-zero resonances besides the 125 GeV Higgs resonance [1, 2] is theoretically well motivated [3, 4] . Experimental searches were negative so far (cf. for instance [5] ), but are by far not exhaustive and will continue with increased effort at the run II of the LHC at 13 TeV center-of-mass energy.
A possibility that has received increased experimental attention recently [6] [7] [8] [9] is the existence of one or several neutral Higgs bosons with masses above the top-antitop quark (tt) production threshold that strongly couple to top quarks but have suppressed couplings to the weak gauge bosons and to d-type quarks and charged leptons. The search for such a Higgs boson (or Higgs bosons) in tt production is difficult because one expects that its line shape in the tt invariant mass spectrum is not a distinctive resonance bump but is significantly distorted which is caused by the interference of the signal and the nonresonant tt background amplitudes. As far as experimental investigations are concerned, this interference effect was taken into account only in the recent data analysis [9] of the ATLAS experiment.
Future experimental explorations of this search channel aiming at an increased sensitivity to such type of Higgs bosons require for their interpretation theoretical investigations beyond leading-order (LO) QCD. In [10] we have investigated, within the type-II two-Higgs-doublet extension (2HDM) of the standard model (SM), the production of heavy neutral Higgs bosons and their decay to tt pairs including signal-background interference at next-to-leading-order (NLO) in the QCD coupling. The NLO QCD corrections to Higgs production and signalbackground interference were computed in the heavy top-quark mass limit with an effective K-factor rescaling. The primary aim of this exploration was to analyze how the QCD corrections affect the distortions of the tt invariant mass spectrum and of other distributions in the resonance region. Another NLO QCD analysis of heavy Higgs-boson production in the tt channel including interference with the tt background was recently presented in [11] .
In this paper we extend our investigations of [10] by taking the t andt polarization and tt spin correlations fully into account at NLO QCD. We consider, again within the type-II 2HDM, the production of heavy neutral Higgs bosons and their decay to tt with subsequent decay of tt to dileptonic final states, including signal-background interference and the irreducible nonresonant tt background at NLO QCD. In our computation of the nonresonant tt background the mixed QCD-weak interaction corrections are also included. Our goal is to analyze the sensitivity of top-spin observables to heavy Higgs resonances. We explore lepton angular distributions and dileptonic angular correlations [12, 13] that are induced by t andt polarizations and tt spin correlations. We compute these observables in appropriately chosen tt invariant mass windows in the standard model and in the presence of heavy Higgs resonances. Heavy Higgs-boson effects on tt spin correlations were previously investigated at LO QCD in [14] [15] [16] [17] [18] .
The paper is organized as follows. In Sec. 2 we briefly recapitulate the salient features of the type-II 2HDM with and without Higgs-sector CP violation that are relevant for our analysis and define four parameter scenarios. In Sec. 3 we introduce spin dependent observables. In Sec. 4 we show in analogy to what has been done in Ref. [10] results for the invariant mass distribution of the tt pair at the level of the intermediate top quarks. These results are then compared, as far as the sensitivity to heavy Higgs bosons is concerned, with predictions for spin dependent observables in dileptonic tt events. All results are shown for the LHC operating at 13 TeV and are presented both for selected M tt bins and inclusively in M tt . We conclude in Sec. 5.
Parameter scenarios for the type-II two-Higgs-doublet model
For definiteness we choose, as in [10] , the type-II two-Higgs-doublet model for describing both the 125 GeV Higgs resonance and additional neutral heavy Higgs bosons in a consistent field-theoretic and phenomenologically viable framework. We recall that in 2HDMs the SM field content is extended by an additional Higgs doublet. In the type-II 2HDM the Higgs doublet Φ 1 is coupled to right-chiral down-type quarks and charged leptons, while Φ 2 is coupled to right-chiral up-type quarks only. By construction, flavor-changing neutral currents are absent at tree level.
Because we are interested in heavy Higgs bosons of different CP nature we consider two variants of the type-II 2HDM: one where the tree-level Higgs potential V(Φ 1 , Φ 2 ) is CP-violating and, as a special case, the model where V(Φ 1 , Φ 2 ) is CP-invariant. We denote the three physical neutral Higgs mass eigenstates by φ j , j = 1, 2, 3. Using the unitary gauge they are related to the two CP-even and the CP-odd states ϕ 1,2 and A, respectively, by an orthogonal transformation: (φ 1 , φ 2 , φ 3 )
where R is a real orthogonal matrix that is parametrized by three mixing angles α i . We use the parametrization of R given in [10] . The masses of the three neutral Higgs bosons and of the charged Higgs boson H ± of the model are denoted by m j ( j = 1, 2, 3) and by m + , respectively. The parameter tan β = 2 / 1 is the ratio of the vacuum expectation values of the two Higgs doublet fields with = 2 1 + 2 2 = 246 GeV. In the case of Higgs sector CP violation we choose, as in [10] ,
to belong to the set of independent parameters of the model, while in the case where
In this case the matrix R is block-diagonal with R 13 = R 23 = R 31 = R 32 = 0 and R 33 = 1, and the neutral Higgs mass eigenstates consist of two CP-even and a CP-odd state which are often denoted by φ 1 = h, φ 2 = H, and φ 3 = A. In the more general case of Higgs sector CP violation the φ j are CP mixtures.
The interactions of the φ j with quarks and charged leptons f = q, and with weak gauge boson pairs are given by
where a sum over f and j = 1, 2, 3 is understood. The reduced scalar and pseudoscalar Yukawa couplings a j f and b j f and the reduced couplings f jVV depend on the values of tan β and on the elements R i j of the Higgs mixing matrix. They are listed in Tab. 1 for the type-II model. We recall that the reduced gauge-boson couplings obey the sum rule j f 2 jVV = 1. For computing the widths of the heavy Higgs bosons below we need also the triple Higgs and the Zφ i φ j interactions. They are given, for instance, in [10, 19, 20] . We identify the 125 GeV Higgs res- 
onance with φ 1 and assume that the mass of both φ 2 and φ 3 is larger than twice the top-quark mass, m 2,3 > 2m t . Moreover, we assume that the mass of the charged Higgs boson H + is of the order of max(m 2 , m 3 ), so that the two-body decays φ 2,3 → W ± H ∓ cannot take place. The ATLAS and CMS results [21] on the 125 GeV Higgs boson imply that its interactions with the third-generation fermions and gauge bosons are SM-like. This constraint is taken into account in the 2HDM parameter scenarios defined below. As already emphasized in the introduction our aim is to investigate the sensitivity of top-spin observables to heavy Higgs-bosons and, in particular, whether suitable observables allow to discriminate between a scalar, pseudoscalar, and a CP mixture. For this purpose we choose three parameter sets, which we call set 1a, 1b, and 1c, where the masses of the two heavy neutral Higgs bosons are put to 400 GeV and 900 GeV. Sets 1a and 1b are associated with a CP-invariant Higgs potential. In set 1a we assign the quantum numbers CP =+1 and CP =-1 to the 400 GeV and 900 GeV Higgs boson, respectively, and vice versa in set 1b. Set 1c is associated with a CP-violating Higgs potential and the neutral Higgs bosons are chosen to be CP mixtures. In addition we investigate the case where the two heavy neutral Higgs bosons are nearly degenerate with masses that are substantially larger than 2m t . This is exemplified with a parameter set called set 2 below. We determine the total widths of the heavy neutral Higgs bosons φ 2 and φ 3 for the four parameter sets specified below, by computing the sum of the largest two-body decay rates. We include the NLO QCD corrections to the partial decay rates of φ j →and φ j → gg using the formulas of [22, 23] and [24] , respectively. In these computations we use the input parameters and the scale choice as described in Sec. 4.1. We checked, where possible, our results with the computer codes of [25] and [26] . For the parameter sets below, the total width Γ 1 of φ 1 (125 GeV) is of the order of 4 MeV. It plays no role in the computations of Sec. 4.
Scenarios 1a and 1b
We consider the type-II model with a CP-conserving Higgs potential. We choose both for the parameter set 1a and 1b:
With this choice of the Higgs mixing angles and our convention for R [10] the states φ 1 and φ 2 are CP-even while φ 3 is CP-odd, as can be seen from the resulting Yukawa couplings given in Tab. 2. The masses of φ 2 and φ 3 are set to the values scenario 1a: m 2 = 400 GeV , m 3 = 900 GeV , scenario 1b: m 2 = 900 GeV , m 3 = 400 GeV .
Thus in scenario 1a the lighter of the two heavy states is chosen to be a pure scalar while in scenario 1b it is a pseudoscalar. We compute the largest two-body decay rates of φ 2 and φ 3 and determine their total widths by adding up these rates. The results are listed in Tab. 3 and Tab. 4 for scenario 1a and 1b, respectively. The uncertainties result from varying the renormalization scale as described below Eq. (33) . The partial decay widths of φ j → ff ( f t), φ j → γγ, and φ j → Zγ are a few ×10 −3 GeV or smaller 1 and are neglected in the total widths Γ 2 , Γ 3 . Moreover, to lowest order in the non-QCD couplings the partial decay rates for φ i → VV, φ i → φ 1 Z and φ i → φ 1 φ 1 (i = 2, 3) are zero for our choice of parameters. 
Scenario 1c
Here we consider the type-II model with a CP-violating Higgs potential and choose 
The partial widths of the major decay modes of φ 2 and φ 3 and their total widths are listed in Tab. 6. Decay modes whose width is smaller than a few ×10 −3 GeV are not listed. The given uncertainties result from the scale variations as defined below Eq. (33) in Sec. 4.1. 
The total decay widths of the nearly mass-degenerate scalar and pseudoscalar φ 2 and φ 3 are essentially determined by the decay of these states to tt, cf. Tab. 7. Again, decay modes whose width is smaller than a few ×10 −3 GeV are not exhibited in this table. 
Experimental constraints
The Yukawa couplings and couplings to the weak gauge bosons that are assigned to the 125 GeV resonance in the above parameter scenarios are in accord with the constraints from the LHC [21] . The strongest direct constraints on heavy neutral Higgs bosons with strong couplings to top quarks were recently reported by the ATLAS experiment [9] . In this report the 2HDM parameter region tan β < 0.45 (tan β < 0.85) was excluded at 95% confidence level for a CP-even (CP-odd) Higgs boson H (A) with a mass of 500 GeV. This analysis is based on tt events that decay to leptons plus jets recorded at the LHC (8 TeV). The result supersedes previous bounds by ATLAS [7] and CMS [6, 8] . Our parameter scenarios 1a,b,c above are not in direct conflict with the bounds of [9] because our choice tan β = 1 implies weaker topYukawa couplings of H and A than those excluded in [9] : In the case of H (A) the squared top-Yukawa coupling that enters the cross section for gg → φ → tt is reduced by a factor 0.20 (0.72). This suggests that a Higgs boson with a mass of 400 GeV and top-Yukawa coupling strength as chosen in the scenarios 1a,b,c is not yet excluded. We emphasize that the analysis below does not crucially depend on the fact that we have chosen the mass of the lighter of the two heavy states to be 400 GeV. The sole purpose of these parameter choices is to illustrate with these examples the sensitivity of top-spin observables to heavy Higgs resonances. The charged Higgs boson H ± of the 2HDM plays no decisive role in our analysis below. Our assumption m + > 820 GeV is in accord with the non-observation of H ± in direct searches at the LHC and with the bounds derived from B physics data [27] [28] [29] .
The LHC data on the 125 GeV Higgs boson constrain CP-violating top-Higgs couplings to some extent, see for instance [30] . A direct search for CP violation in semileptonic tt events at the LHC(8 TeV) was recently reported by the CMS experiment in [31] . The set of spin observables recently measured by the ATLAS experiment in dileptonic tt events at 8 TeV [32] include CP-odd observables and these measurements provide also direct bounds on CP violation in tt production. Our parameter scenario 1c is in accord with the constraints from these analyses. Stronger, albeit indirect constraints are obtained from low-energy data [19, [33] [34] [35] , in particular from the experimental upper limits on the electric dipole moments (EDMs) of the neutron [36] and the electron [37] . In the parameter scenario 1c the heavy Higgs bosons have only a minor impact on these EDMs. The major contribution results from φ 1 exchange. The Yukawa and gauge couplings of φ 1 given in Tab. 5 lie within the allowed parameter ranges derived in [19, 35] .
Spin dependent observables
In the following we study the impact of heavy Higgs bosons on the (anti) top-quark polarization and top-antitop spin correlations, taking NLO QCD corrections into account. We follow Ref. [13] where a complete set of observables sufficient to constrain the spin density matrix at the level of stable top quarks has been presented. As in Ref. [13] we analyze the angular distributions of the (anti-)top-quark decay products. More specifically, we consider dileptonic
and define four dileptonic angular correlations that correspond, at the level of the intermediate t andt quarks, to P-and CP-even tt spin correlations. In addition, we consider for the reactions (10) also a P-and CP-odd triple correlation and a lepton angular distribution that corresponds to the longitudinal top-quark polarization. Moreover, we analyze the correlation of the azimuthal angles of the charged leptons and investigate its sensitivity to the CP nature of the heavy Higgs bosons.
Observables sensitive to top-antitop spin correlations
We consider for (10) the following normalized differential distribution of the outgoing leptons:
where θ + (θ − ) denotes the angle between the direction of flightˆ + (ˆ − ) of the positively (negatively) charged lepton in the (anti-)top-quark rest frame 2 and a reference axisâ (b) to be defined below (
We assume that the top-quarks decay dominantly via the SM decay t → W + b (t → W −b ) with W-boson decaying further into a lepton neutrino pair. The coefficients B 1 , B 2 and C depend on the chosen reference axesâ andb. If no acceptance cuts are applied, C is related to the double spin asymmetry at the level of the intermediate top quarks:
σ tt denotes the cross section for top-quark pair production. The first (second) arrow refers to the spin state of the t (t) quark with respect to the axisâ (b). The prefactor κ 2 is due to the spin analyzer quality of the decay products. In the conventions used here
At NLO QCD its value is κ = 1 − 0.015α s [38] . Following Ref. [13] we use the beam direction p = (0, 0, 1) and the direction of flight of the top-quarkk in the tt zero-momentum frame (ZMF) to construct an orthonormal basis:
with
Using the orthonormal basis {k,n,r} the reference axesâ andb are defined in Tab. 8. The factor sign(y) takes the Bose symmetry of the initial gg state into account. Using the different reference axes as shown in Tab. 8 nine different correlations C(â,b) can be defined. As far as P-and CP-even correlations are concerned we restrict ourselves to the diagonal correlations C kk , C nn , and C rr .
2 The respective rest frames are reached through a rotation-free boost from the tt zero-momentum frame.
These correlations are sensitive to the P-and CP-even contributions of the spin density matrix, do not require absorptive parts, and receive Higgs-boson contributions at leading order. Since the choiceâ =k (b = −k) is equivalent to the quantization axis in the helicity basis, C kk is often abbreviated in the literature as C hel . In the following we adopt this notation and use C hel instead of C kk . Instead of measuring the double differential distribution as given in Eq. (11) the coefficient C can also be determined from the expectation value of cos(θ + ) cos(θ − ):
As pointed out in Ref. [13] the correlations C hel ,C nn , and C rr are related to the opening angle distribution 1 σ
where the angle ϕ is defined by ϕ = ∠(ˆ + ,ˆ − ). Since the vectors {k,n,r} form an orthonormal basis the relation
holds. Eq. (16) may be used to cross check results. D can also be determined from the expectation value of cos ϕ:
For completeness we note that both C ab and D are related to expectation values of spin observables at the level of the intermediate top quarks:
where S t (St) denotes the (anti-)top-quark spin operator.
Observables sensitive to top-quark and antiquark polarization
Integrating out the angle of the positively/negatively charged lepton in Eq. (11) leads to a single differential distribution:
The coefficient B 1 (B 2 ) is related to the polarization of the intermediate (anti-)top-quark:
(The polarization is defined as twice the expectation value of the spin operator:
) is a measure for the longitudinal polarization of the intermediate (anti-)top-quark. Note that a non-vanishing
requires a parity violating interaction. As a consequence, within the SM only the parityviolating weak interactions generate a small non-zero coefficient B 1 (k) of less than 1 %. Similar to D the coefficients B 1,2 are related to expectation values of the respective angles:
We note that the single differential distributions can also be studied for top-quark pairs decaying semi-leptonically. If no acceptance cuts are applied, the coefficient B 1 (B 2 ) parametrizing the distribution of the positively (negatively) charged lepton is the same in both channels.
Triple correlation
In addition to the aforementioned observables we analyze the P-and CP-odd triple correlation:
The observable O CP is sensitive to P-and CP-odd (dispersive) new physics contributions. Within the scenarios considered here only scenario 1c leads to a non-zero expectation value.
As discussed in Ref. [13] O CP is related to a linear combination of C nr and C rn :
Up to prefactors it can also be related to a spin observable at the level of the intermediate top-quarks:
One may consider also other CP-odd dileptonic triple correlations, for instance, a correlation wherek in Eq. (24) is replaced by the proton beam direction, i.e. sign(y)p. But this correlation has a very low sensitivity to resonant Higgs-boson induced CP violation, as an inspection of the corresponding squared S matrix element shows.
Difference between the leptonic azimuthal angles
Following Ref. [39] we construct a CP-sensitive angular observable φ * CP as follows. We identify the z-axis in the top and antitop rest frames with the direction of flight of the top quark in the tt ZMF,k. With respect to this z-axis we define the azimuthal angle φ * between the charged leptons φ
The unit 3-vectorˆ 
Similar to Ref. [39] we use the CP-odd triple product, (ˆ + ×ˆ − ) ·k, to construct a CP-sensitive observable from φ * in order to probe the CP properties of the heavy Higgs bosons:
We are interested in the (normalized) distribution of this observable σ −1 dσ/dφ * CP because of its potential to discriminate between CP-even, CP-odd and CP-mixed heavy Higgs bosons. The parameters of scenarios 1a-1c (cf. Sec. 2) are chosen such that these cases can be directly compared and the sensitivity of φ * CP to the CP-properties of the heavy Higgs coupling to top quarks can be studied in detail.
Results
In this section we briefly describe the setup of our calculation. Furthermore, we present phenomenological results at NLO QCD for the distribution of the cross section with respect to the invariant mass of the top-quark pair and for the spin dependent observables introduced in the previous section.
Setup
For all observables introduced in the previous section we make predictions within the SM including QCD and weak corrections as well as predictions including the two additional (neutral) heavy Higgs bosons of the 2HDM parameter scenarios of Sec. 2. We stress that we take into account also the interference of the signal and background contributions at NLO. The contribution of the 125 GeV Higgs resonance is included in the SM predictions.
As far as the NLO QCD corrections are concerned we apply the same approximations to the non-SM contributions as we did in Ref. [10] . We use the heavy top mass limit including an effective K-factor rescaling to obtain the leading resonant contributions at NLO. For details we refer to Ref. [10] .
The SM input parameters are chosen as in Ref. [10] . The top-quark mass renormalized in the on-shell scheme is set to m t = 173.34 GeV.
For the values of the electromagnetic fine structure constant α and the gauge boson masses we use
For the parton distribution functions (PDFs) we employ the PDF set CT10nlo [40] which provides also the value of the strong coupling α s (µ r ) at the renormalization scale µ r . As central scale we chose µ r = µ f = µ 0 (32) (µ f denotes the factorization scale) with
motivated by the choice µ 0 = m H /2 in the SM case (see, for instance, [41] ). The uncertainties due to the residual dependence of the theoretical predictions on µ f and µ r are estimated by varying both scales simultaneously (µ r = µ f ≡ µ) by a factor of two up and down. All results in this section are presented for proton-proton collisions at a center of mass energy of √ s = 13 TeV and are thus applicable to the data collected during the LHC run II.
When calculating theoretical predictions for the observables defined in the previous section we always expand all ratios or normalized cross sections in the coupling constants. This is a consistent approximation when working in fixed order perturbation theory.
Top-quark pair invariant mass distribution
The invariant mass distribution of the tt pair, dσ tt /dM tt where M tt = (k t + kt) 2 , is the basic observable in the search for heavy (Higgs) resonances in the tt channel. Here we compute this distribution at NLO in the SM and in the 2HDM using the parameter scenarios of Sec. The top-quark pair invariant mass distributions are displayed for scenarios 1a-1c and 2 in Figs. 1-4 . For scenarios 1a-1c the peak-dip structure that results from the interference between signal and background is clearly visible for the lighter resonance at 400 GeV. For scenario 1b where the lighter resonance is a pseudoscalar we even observe a signal-to-background (S/B) ratio of about 18% in the M tt bin from 380 GeV to 400 GeV. However, a bin width as small as 20 GeV cannot be attained by present experiments. For experimentally achievable bin widths of about 40 GeV (see for example Ref. [9] ) in the lower M tt range, the effect is 8%-13% depending on the bin position. In view of the recent ATLAS analysis [9] scenario 1b may be excluded. However, our main interest in this scenario is mostly to compare top spin effects induced by different heavy Higgs boson CP eigenstates and CP-mixed states and study the potential gain in sensitivity with respect to top-spin independent observables. The findings concerning the sensitivity of top-spin observables may also apply to other parameter scenarios. The resonance at 900 GeV in scenarios 1a-1c is barely visible in the M tt -distribution, mainly because of its large decay width. In scenario 2 the heavy scalar and pseudoscalar resonances overlap and generate a single resonance structure between 700 GeV and 800 GeV. It is much more pronounced than the 900 GeV resonance in scenarios 1a-1c because of the smaller decay widths of the heavy Higgs bosons in scenario 2. The parameters of scenario 2 were chosen to allow a direct comparison with Ref. [42] where higher-order QCD corrections to the signal and interference have been estimated by applying a constant K-factor, K = 2. As our analysis shows, a simple K-factor rescaling as applied in Ref. [42] is questionable and is in general not sufficient to account for higher order corrections to the M tt distribution. In fact, within the approximations of the NLO corrections used here, the dip between 700 GeV and 800 GeV observed at LO (dashed-green line in Fig. 4 ) is reduced at NLO (solid-red line in Fig. 4) . Hence, an experimental analysis using the naive K-factor rescaling would in this case lead to experimental bounds that are too strong-provided no effect will be seen. We choose in the next section, as in Ref. [10] , appropriate M tt bins for evaluating the top-spin dependent observables, in order to avoid a cancellation due to the peak-dip structure in the M tt spectrum. Thus we estimate, for the chosen parameter scenarios, with an optimized binning the maximal effects of heavy Higgs boson resonances in the tt decay channel. In Figs. 1-4 these M tt bins are indicated by the hatched regions in the ratio plots. Since in an actual experimental analysis the optimal bin locations are unknown-unless a significant distortion in the M tt distribution will be found-one would study the observables as functions of the bin location.
Spin dependent observables
We consider now the top-spin dependent observables introduced in Sec. 3 for the dileptonic tt events (10). As discussed in Sec. 4.2, we evaluate these observables within two M tt bins in order to enhance the S/B ratio, namely 2m t -400 GeV and 400-460 GeV in scenarios 1a-1c and 670-770 GeV and 770-870 GeV in scenario 2. Results for the lepton angular correlations C hel , C nn , C rr and D that correspond to P-and CP-even tt spin correlations are shown in 
Scenario 1c
400 GeV M tt 460 GeV Figure 7 : P-and CP-even spin correlations in scenario 1c for the LHC (13 TeV).
Figs. 5-7 for scenarios 1a-1c, respectively, and in Fig. 8 for scenario 2. In the upper panel of each plot the values of C hel , C nn , C rr and D are displayed for the SM (coarse hatched) and for the SM + 2HDM contributions (fine hatched) including interference at LO (red) and NLO (blue). The solid filled regions of the bars represent the scale uncertainty estimated by varying the scale as described in Sec. 4.1.
In the lower panel of each plot the S/B ratio of the 2HDM contribution (including interference) and the SM prediction is shown at LO (red) and at NLO (blue). The darker parts of the bars represent the scale uncertainty of this ratio. In cases where the ratio takes on extreme values, the bars are only shown partially and the central value of the respective ratio is then given in the plot. The green shaded area in the ratio plots display, for comparison, the S/B ratio of the cross section within the respective M tt bin at NLO. This ratio is obtained from the M tt distributions computed in Sec. 4.2. We observe that for all parameter scenarios the S/B ratio of one or several of the four spin observables outreaches the green band. Thus these spin observables are, within the respective M tt bin, more sensitive than the cross section. Notice that in some cases the S/B ratio of the cross section is very low and the green area is not (see for example the result for the high M tt bin in Fig. 5 ) or only barely visible (Fig. 8 ).
For scenarios 1a-1c C rr is the most sensitive of the four P-and CP-even spin correlation observables. The S/B ratio associated with C rr is also larger in magnitude than that of the cross section-in case of scenario 1a almost by a factor of four in the lower M tt bin. In the higher M tt bin of 400-460 GeV the spin correlations and associated S/B ratios at NLO are smaller compared to those for the lower M tt bin. In case of the observable C rr the S/B ratios in the higher M tt bin of 400-460 GeV at NLO deviate significantly from those at LO. The reason for this large difference is the fact that the M tt distribution for this observable has a zero at LO within this M tt bin-that this, it receives positive and negative contributions that (almost) cancel. This zero is shifted close to the bin boundary or even outside the bin when taking NLO corrections into account. Because the observable C rr suffers from accidental (partial) cancellations at leading order it is very sensitive to NLO corrections. This does not signal a general breakdown of the perturbative expansion.
This circumstance should be seen as an artefact of the specific observable and is associated to a large extend with the chosen M tt bin. Because of this (accidentally) large sensitivity to higher-order corrections, we observe large K-factors for C rr in these specific cases: K = 1.7 for scenario 1a and |K| > 7 for scenarios 1b and 1c. Moreover, the NLO corrections lie outside of the LO uncertainty estimate. However, one may argue that the uncertainty estimate of the LO predictions are in any case unreliable because the spin observables studied here are defined as ratios where, for example, α s cancels to leading order. (The situation becomes even worse at LO when ratios of ratios are considered.) Alternatively, one can compute a spin observable at NLO also without expanding the denominator and then compute the ratio R of the expanded and the unexpanded version. This ratio may be viewed as indicative of the convergence of the perturbative expansion. For the observable C rr evaluated in the higher M tt bin, we obtain R = 1.2, R = 1.9, and R = 1.5 for scenario 1a, 1b, and 1c, respectively, whereas for the other three spin observables we get R ≤ 1.1. This shows again that in the M tt bin of 400-460 GeV the observable C rr is very sensitive to higher order corrections. It illustrates also the importance of the NLO contributions to the spin observables. This example shows that one should be careful when using a specific spin observable in the search for heavy Higgs effects in tt data. Given a certain M tt bin-choice, one should use in an agnostic experimental analysis spin observables that do not have a zero (in the above sense) at LO QCD.
As can be seen from Figs. 5-8 the uncertainty bands of the values of a spin observable at LO and NLO due to scale variations do not overlap in a number of cases. As stated before this is mainly because the spin correlations are ratios (see for example Eq. (12) and Eq. (20)) in which the µ r dependence cancels at LO. The leading-order scale variation thus underestimates the effect of higher-order corrections and fails to give reliable uncertainty estimates.
The values of the four P-and CP-even spin correlations and the corresponding S/B ratios evaluated in the two M tt bins displayed in Fig. 5 for scenario 1a are given in Tab. 9. In addition we list also the resulting values when no cuts on M tt are imposed. Furthermore, the last column of this table contains the cross section for the dileptonic tt decay channel summed over , = e, µ, both for the low and high M tt bin and inclusively, and the corresponding S/B ratios. The numbers substantiate what was already stated above: for the chosen bins and inclusively, one or several of the above spin observables are more sensitive to heavy Higgsboson effects than the ratio of binned cross sections. In the low M tt bin C nn , C rr and D feature S/B ratios larger than 6%, i.e., a significant sensitivity to the lighter of the two heavy Higgs bosons which is a scalar. Notice that not only C hel , C nn , and D but also C rr has a reliable perturbative expansion in the lower M tt bin.
The corresponding tables for the results presented in Fig. 6 and Fig. 7 are given in Appendix A (Tab. 12 and Tab. 13). The predictions for the low M tt bin given in Tab. 12 for scenario 1b with a 400 GeV pseudoscalar show that all four spin correlations and the binned cross section have S/B 10%. In the lower M tt bin of scenario 1c only C rr provides a S/B larger than that of the binned cross section, namely ∼ 9% (cf. Tab. 13). Both for scenarios 1b and 1c the perturbative expansions of the spin correlations in the low M tt bin, in particular of C rr , are reliable.
Scenarios 1a-1c feature strong Higgs-boson signals and experimental analyses of the M tt distribution might already be sensitive to these effects. In scenario 2 the signal is much weaker which makes it difficult to constrain this scenario with the M tt distribution. As can be seen from Fig. 8 -and from the corresponding numbers in Tab. 14 of Appendix A-the S/B ratio of the cross section (green band) is very small in both M tt bins, S/B 1%. As in scenarios 1a-1c we encounter here also the problem of zero(s) of spin observables. In this case the observables C hel and D have zeros in the M tt bin 670-770 GeV at LO which are shifted to the other M tt bin 770-870 GeV at NLO. This leads to a high sensitivity of C hel and D to NLO corrections which affects the robustness of the prediction. The observables C nn and C rr have a reliable perturbative expansion in these M tt bins. However, taking the scale uncertainty into account their sensitivity is not sufficient to constrain this model. One way to remedy this is to evaluate C hel , which is the most sensitive of the four spin correlations in this scenario, within 500 GeV ≤ M tt ≤ 750 GeV. This yields a S/B ratio of 4% as compared to the cross section S/B ratio of 0.7% at NLO, and the prediction is also more robust with respect to NLO corrections (K = 1.3, R = 1.1). The reason for having chosen the above bins is that our prediction of [%] Figure 8 : P-and CP-even spin correlations in scenario 2 for the LHC (13 TeV).
the heavy Higgs effects at NLO is most accurate within the Higgs resonance region. Choosing instead an M tt range of 500-750 GeV will affect the accuracy of our approach. Thus, a more careful investigation of the uncertainties of C hel due to these approximations would be necessary but is left for future work.
The spin correlations C hel , C rr , and C nn were recently computed, inclusively in M tt , at NLO QCD including weak interaction corrections also in [13] , and our corresponding predictions in Tabs. 9, 12, 13 and 14 agree with these results 3 . The spin correlations C hel and C rr , C nn were recently measured in dileptonic tt events, inclusively in M tt , at the LHC(8 TeV) in [31, 32] and [32] , respectively. The results, corrected to parton level in the full phase space, agree with respective SM predictions. At 8 TeV center-of-mass energy the contributions of the heavy Higgs resonances of our parameter scenarios to these observables are smaller in magnitude than at 13 TeV, and we have checked that these contributions are in accord with the results of [31, 32] within the experimental uncertainties. The expectation value O CP is below the percent level even in the bins around 400 GeV where the CP-violating effect is caused by the resonant production of the 400 GeV Higgs resonance of indefinite parity. The inclusive expectation value is an order of magnitude smaller which is due to partial cancellations of the two heavy Higgs boson contributions. We note that O CP can also be obtained from the measurement of the difference of two off-diagonal correlations cf. Eq. (25) . This difference of spin correlations was recently measured by AT-LAS for dileptonic tt events at 8 TeV. At the parton level in the full phase-space the result C nr − C rn = −0.006 ± 0.108 was obtained [32] . We checked that the value of 9 O CP at 8 TeV in scenario 1c is in accord with this result within the experimental uncertainty. Table 11 contains our predictions, for scenarios 1a -1c, of the coefficient B t (k) that measures the longitudinal polarization of the top quark in the helicity basis (cf. Eq. (20)). The predictions apply to dileptonic and to + + jets events. A non-zero value of B t , which requires P-violating interactions, is generated in the SM by the weak interactions. In scenarios 1a and 1b the neutral Higgs interactions are P-conserving. Thus in these scenarios B t is zero at LO and given at NLO by the results listed in column 'QCDW' of Tab. 11-neglecting contributions from the charged Higgs boson. They are very small because we assume H ± to be very heavy. In scenario 1c the neutral Higgs bosons induce P-violating effects already at LO and the resulting values of B t at NLO within the SM + 2HDM differ from those of the SM. Although the S/B ratio can be significantly enhanced by M tt cuts the effects remain below the Table 9 : P-and CP-even spin correlations and dileptonic cross section in scenario 1a for the LHC(13 TeV). percent level and exhibit large scale uncertainties. In scenario 2 the neutral Higgs interactions are P-conserving. Thus, the NLO predictions given in column 'QCDW' of Tab. 11 apply also to this scenario, provided the same scale choices are made as in scenarios 1a-1c. Our inclusive QCDW prediction of B t given in Tab. 11 agrees with the corresponding prediction of [13] . (Notice that our scale choices differ from those of [13] .) The polarization observable B t was measured inclusively in M tt at 8 TeV by the ATLAS and CMS experiment [32, 43] , with an absolute experimental uncertainty of a few percent. We checked that our inclusive SM+2HDM predictions at 8 TeV are in accord with these measurements.
Finally we analyze the normalized leptonic azimuthal-angle difference φ * CP defined in Sec. 3.4. Observables of this type have the potential to yield information about the CP properties of the Higgs bosons [17, 18, 39] . We compute the distribution of φ * CP for scenarios 1a -1c at NLO in the SM and in the SM + 2HDM in the low and high M tt bins that were already chosen above for evaluating the other spin observables. These scenarios were chosen on purpose such that they contain a scalar (1a), a pseudoscalar (1b), or a CP-mixed (1c) Higgs boson of the same mass (400 GeV). Our aim is to investigate the discriminating power of φ * CP with respect to the CP nature of this boson at NLO. (An observable similar to φ * CP with a different phase convention was analyzed at LO in Ref. [18] , including the interference with the QCD background.)
Our results for the normalized distribution of φ * CP in scenarios 1a-1c are displayed in the upper panels of Fig. 9 , on the left (right) for the low (high) M tt bin. The distributions in black and red are the predictions within the SM and the SM + 2HDM, respectively, at NLO. The effect of scale variations is very small and not visible in these plots. In the lower panels the ratios R=(SM+2HDM)/SM are plotted. Here the green-dashed and red-solid lines refer to the LO and NLO predictions, respectively. These ratios have a trigonometric function-like shape. The ratios R in the low M tt bin have some sensitivity to the CP nature of the 400 GeV Higgs boson. While the maximum (minimum) of R is located at φ * CP = π (φ * CP = 0, 2π) if the 400 GeV Higgs boson is a scalar, it is shifted to φ * CP = 0, 2π (φ * CP = π) if this boson is a pseudoscalar. If the 400 GeV Higgs boson is a CP mixture as in scenario 1c the maximum and minimum of R are located at φ * CP 0, π, 2π. The locations depend on the relative strengths and phases of the scalar and pseudoscalar Yukawa couplings of the 400 GeV Higgs boson to top quarks. In contrast to the tau-pair decay channel of a Higgs boson studied in Ref. [39] , the background is not flat in φ * CP and the signal-background interference is not negligible in the case at hand. The large non-resonant SM background contribution leads to a rather small signal-to-background ratio of S/B 6%. We recall that in these scenarios the 400 GeV Higgs signal is significant in the M tt distribution and in spin observables studied above. We therefore expect even lower S/B ratios for weaker Higgs signals, which poses an even bigger challenge to determine the Higgs CP properties with this observable. The NLO corrections enhance the S/B ratio only slightly.
Summary and conclusions
We considered, in continuation of our previous work [10] , the production of top-quark pairs at the LHC (13 TeV) and their subsequent decay to dileptonic final states and analyzed, within the type-II 2HDM extension of the SM, the sensitivity of top-spin dependent observables to the resonant production of heavy Higgs bosons. NLO QCD corrections to the Higgs-boson signal in the tt channel and NLO QCD and weak interaction corrections to the non-resonant tt background were taken into account, including the signal-background interference at NLO. We determined, for four different 2HDM parameter scenarios, a number of leptonic angular correlations and distributions that correspond to tt spin correlations and to the longitudinal top-quark polarization. We computed also the tt invariant mass distribution, which is the basic observable in the search for heavy Higgs bosons in tt events, in order to assess the gain in sensitivity if such a search is accompanied by top-spin dependent observables. Our analysis shows that tt spin correlations have the potential to substantially increase the sensitivity of the tt channel to heavy Higgs resonances if they are evaluated in judiciously chosen M tt bins. NLO corrections are, needless to say, important for assessing whether a specific observable has a robust perturbative expansion within a chosen M tt bin and for estimating the uncertainties due to scale variations.
The observable B t that corresponds to the longitudinal top-quark polarization and the triple product correlation O CP analyzed above are sensitive to P-violating, respectively P-and CPviolating interactions. We studied the effects of heavy Higgs resonances of undefined CP parity on these observables for a CP-violating 2HDM scenario. We found that the effects are small, even if these observables are evaluated in appropriate M tt bins. Our studies indicate that measurement of these (dimensionless) observables with a precision of ∼ 10 −3 would be required in order to reach meaningful sensitivities to P-and CP-violating heavy Higgs-boson effects.
Furthermore, we studied the potential of the lepton azimuthal angle distribution dσ/dφ * CP for pinning down the CP properties of a heavy Higgs resonance in the dileptonic tt events. This observable allows to construct a ratio whose shape shows significant differences with respect to effects of Higgs bosons of different CP nature. Yet the signal-to-background ratio is only about S/B 6% because of the large SM background and the non-negligible signalbackground interference.
Our detailed studies show that including top-spin dependent observables in the toolkit for the search for heavy Higgs-boson resonances in the tt channel can significantly enhance the sensitivity of these explorations. Although the results of this paper were obtained for specific parameter settings within the 2HDM, we believe that this conclusion remains valid also for other SM extensions that predict heavy neutral Higgs bosons with unsuppressed couplings to top quarks. We showed also that inclusion of NLO QCD corrections is important in this type of analysis. In particular, we illustrated with a concrete example that a naive K-factor approach is in general not sufficient for obtaining reliable predictions. channel summed over , = e, µ is given in the last column of this table, both for the low and high M tt bin and inclusively, and the corresponding S/B ratios. These results are discussed in Sec. 4.3. 
